Iodine deficiency in the postpartum period has the potential to affect neonatal neuropsychointellectual development. We performed a cross-sectional study involving 50 postpartum women and their neonates, measuring maternal urine iodine, breast milk iodine, and neonatal thyroid stimulating hormone (TSH), and examining their interrelationships. Women were studied at a median (range) of 4 (3-9) days postpartum. Moderate to severe iodine deficiency (defined by urine iodine concentration , 50 mg/L) was found in 29 of the 50 subjects (58%). The median 6 standard deviation (SD) urine iodine was 46.8 6 28.5 mg/L and the mean urine iodine expressed in micrograms per gram of creatinine was 86.6 6 45.6. The median (range) breast milk iodine was 84.0 mg/L (25.0-234.0). Breast milk iodine was significantly correlated with urine iodine in micrograms per gram of creatinine (r 5 0.52, p , 0.001) but not with urine iodine measured in micrograms per liter (r 5 0.19, p 5 0.2). Six percent of neonates had whole-blood TSH values of greater than 5 mIU/L. Neonatal TSH levels were positively correlated with higher breast milk iodine (r 5 0.42, p 5 0.003). There was no significant correlation between neonatal TSH levels and the mother's urine iodine content. There is a high prevalence of iodine deficiency in these lactating postpartum subjects. Urine iodine as micrograms per gram of creatinine is a good predictor of breast milk iodine content. In our study, higher breast milk iodine was correlated with a higher neonatal TSH. The impact of breast milk iodine content on neonatal TSH levels and neuropsychointellectual development needs further study.
Introduction

A
RECENT AUSTRALIAN STUDY has demonstrated that one fifth of pregnant and postpartum women attending a university hospital had moderate to severe iodine deficiency (1) . Brain development in humans occurs both in utero and importantly in the early postnatal years (2) . Normal neuropsychointellectual development requires adequate amounts of iodine to maintain normal thyroid function. Iodine deficiency in pregnancy and the postpartum period is important because it has the potential to impair neuropsychointellectual development (2) . In the neonatal period, the only natural source of iodine is through the milk supply.
We assessed maternal iodine status in the postpartum period. We (1) measured breast milk and urine iodine concentrations; (2) examined the relationship between urine and breast milk iodine content; and (3) examined the relationship between the postpartum iodine status of the mothers and their neonates' thyroid status as determined by thyroid stimulating hormone (TSH) concentration collected in a newborn screening program.
Materials and Methods
This study was conducted at a tertiary referral hospital in Sydney, Australia. Women in the postnatal ward who had established lactation and who had no postnatal problems were invited to participate. During the period from March 2000 to December 2000, 50 mothers and their newborns were studied. The study was approved by the local ethics committee and written informed consent was obtained from each of the mothers. Recruitment was performed by one of authors who visited the postnatal ward during routine ward rounds. The midwives were approached for a list of women who were lactating and were medically and psychologically well. Women who agreed to participate were studied. This was not a consecutive series. Women who delivered by cesarean section were overrepresented in our series because they stay longer in the postnatal ward. Approximately 25% of women are delivered by cesarean section at our hospital. None of the women in the study took iodine supplements.
Women collected approximately 10 mL of breast milk either by manual expression or by breast pump into a sterile bottle. A spot urine sample was collected on the same day and close to the same time as the sample of milk was taken. Samples were collected between 3 to 9 days postpartum (median was 4 days). One of the participants had urine and breast milk iodine greater than 3 standard deviations (SD) above the mean and was excluded from the analysis of the data. This outlier was taking 100 mg of thyroxine per day for primary hypothyroidism. Breast milk and urine iodine determination was performed using a Varian UltraMass Inductively Coupled Plasma Mass Spectrometer (CPI International, Santa Rosa, CA) with SPS-5 autosampler as previously described (1) . Breast milk was diluted and iodine was measured directly.
All babies had a heel-prick blood sample collected at least 48 hours after birth, usually on day 3, as part of the routine newborn screening program. The samples were sent to the central NSW Newborn Screening Laboratory, where TSH was measured by dissociation enhanced fluoroimmunoassay (DELFIA) performed on an AutoDELFIA analyzer (PerkinElmer, Boston, MA). The coefficient of variation (CV) at 15 mIU/L was 6.9% and at 59 mIU/L was 6.5%. The stated and observed assay detection limits are better than 2 mIU/L as defined as 2 SD above the mean of 1 mIU/L standard measurement.
Statistical analyses were performed with SPSS (version 6, SPSS Inc., Chicago, IL). Breast milk iodine and neonatal TSH values were not normally distributed. Spearman's correlation coefficient was used if the data was not normally distributed; otherwise Pearson's correlation coefficient was used. Data not normally distributed were log-transformed for multivariate linear regression and other analyses. Data are expressed as mean 6 2 SD or median (range) if not normally distributed. Student's two-sample t test was used to compare the means of two independent samples. Data not normally distributed were compared using the Mann-Whitney U test. Table 1 . A summary of the maternal urine and milk iodine content and the neonatal TSH is shown in Table 2 .
Results
Demographics of the group are shown in
Twenty-nine of the fifty subjects (58%) had urine iodine concentration of less than 50 mg/L. Urine iodine in micrograms per liter was correlated with urine iodine expressed as micrograms per gram of creatinine (r 5 0.41, p 5 0.003). Eleven of the 50 patients (22%) had urine iodine content below 50 mg/g of creatinine.
Univariate associations with breast milk iodine were urine iodine (micrograms per gram of creatinine) (r 5 0.52, p , 0.001; Fig. 1 ). Breast milk iodine was not significantly correlated with urine iodine content expressed as micrograms per liter (r 5 0.19, p 5 0.2). Women who delivered by cesarean section had a significantly higher urine iodine content expressed as micrograms per gram of creatinine (p 5 0.008) and breast milk iodine (p , 0.001) compared to women who delivered vaginally (Table 3) .
Six percent (3/50) of the infants had a neonatal wholeblood TSH greater than 5 mIU/L. One infant had a TSH value of 21 mIU/L. Of the data we examined, only breast milk iodine was correlated with neonatal TSH (r 5 0.42, p 5 0.003). This relationship was positive. There was no significant correlation between neonatal TSH and maternal urine iodine content expressed as micrograms per liter (r 5 20.08, p 5 0.6) or micrograms per gram creatinine (r 5 0.21, p 5 0.14). TSH was not normally distributed. When TSH is logtransformed to normalize the data there is a weak association with maternal urine iodine expressed as micrograms per gram of creatinine (r 5 0.31, p 5 0.03, Pearson's correlation coefficient). This relationship is also positive. There was no significant difference between neonatal TSH of mothers who delivered by cesarean section compared to those who delivered vaginally (p 5 0.4) ( Table 3) .
On multivariate analysis, the only independent predictor of log neonatal TSH was log breast milk iodine (model r 2 5 0.24, p , 0.001). Removing log breast milk from the model, the independent predictor of log TSH was urine iodine expressed as micrograms per gram of creatinine (model r
Discussion
By World Health Organization (WHO) criteria (3), the median urine iodine of our postpartum population (46.0 mg/L) indicate moderate iodine deficiency. The iodine status of the breast-fed newborn child depends on sufficient iodine intake by the lactating mother (4, 5) . Iodine requirements in pregnancy and during lactation are increased due to iodine transfer from the mother to the fetus/newborn infant, enhanced renal clearance during pregnancy and increased thyroid hormone synthesis in the pregnant woman (6) . This increase in need is often not met in areas with relative iodine deficiency (6) . The recommended minimum daily iodine intake for pregnant and lactating women is 200 mg/d (7). The recommended daily intake of iodine from birth to 6 years of life has recently been revised to 90 mg/d (8). Breast milk iodine concentrations of mothers vary in different countries. Values vary from 15 mg/L in iodine-deficient Zaire (9) to 178 mg/L in the United States (10) where most of the population is considered to be iodine sufficient. Mean 6 SD and median (range) breast milk iodine in our population was 103.6 6 59.5 mg/L and 84.0 (25.0-234.0), respectively. These values are comparable to other areas of the world with moderate iodine deficiency such as Madrid (mean breast milk iodine of 100 6 10 mg/L) (11) and Belgium (mean breast milk iodine of 95 6 6 mg/L) (12) . At day 5, the average infant consumes approximately 500 mL of breast milk (13) . On average, the neonates in this study would be consuming 51.8 mg of iodine per day. This would not meet the recent recommendations of 90 mg/d (8) .
WHO recommends that urine iodine should be assessed by a spot urine and the results express as mg per litre of urine (3). This will be affected by differences in urinary volume which may be different between populations (14) . Urine iodine expressed in micrograms per gram of creatinine is generally thought to be comparable to urine iodine in micrograms per liter. However, this is not always the case because creatinine excretion varies (3). We reviewed the last 450 consecutive urine iodine measurements done at our hospital in a wide range of different patients in different age groups. In our hospital, the skin over the abdomen of mothers undergoing cesarean section is cleansed with 10% povidone-iodine solution. Because this is absorbed through the skin, we believe this was the reason for the higher urine and breast milk iodine in the women undergoing caesarean section. Cutaneous application of iodine containing antiseptic is a cause iodine overload and increases the incidence of neonatal transient hypothyroidism in areas of iodine deficiency (15) . In this study, neonates delivered by cesarean section had a trend toward higher TSH levels compared to neonates delivered vaginally but this did not reach statistical significance (p 5 0.4, Table 3 ). This may be because of the small numbers in the study.
We measured the iodine content of 12 commonly used infant feeding formulas in our postnatal ward and the median (range) iodine concentration was 101 (35-147) mg/L. Although the formulas studied contained slightly more iodine
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FIG. 1.
Relationship of maternal urine and breast milk iodine. than breast milk, they do not contain thyroid hormones. A baby consuming 1 L of breast milk at 3 months would receive approximately 2 mg of thyroid hormones per day, which would provide some protection against hypothyroidism above that obtained from the iodine content alone (16) . WHO (3) suggests that in an iodine-replete population less than 3% of neonatal whole-blood TSHs should be greater than 5 mU/L. In this study, 6% of the neonatal TSHs are greater than 5 mU/L. We have found that higher maternal breast milk iodine and urine iodine (micrograms per gram of creatinine) correlated with higher neonatal TSH. This is in line with a recent study in Northern Sydney (17) . Nøhr (18) in Denmark also found that neonates born of mothers who took supplemental iodine had a shift in distribution toward higher serum TSH. They postulated that the fetal thyroid in an area of mild iodine deficiency such as Denmark is more sensitive to the inhibitory effect of iodine.
Weaknesses of this study include the small sample size and the lack of systematic population sampling.
In conclusion, this study has demonstrated that more than half of the postpartum women studied had moderate to severe iodine deficiency. The breast milk iodine levels were comparable to other areas of the world that are considered moderately iodine deficient. Further studies are needed to confirm our findings. Although Australia is generally believed to be iodine sufficient (19) this study highlights that lactating women are vulnerable to iodine deficiency with potential important consequences for the developing infant being breastfed.
